Phenol degradation experimental results are presented in a similar wastewater aqueous solution using a non-thermal plasma reactor in a coaxial dielectric barrier discharge. The novelty of the work is that one of the electrodes of the reactor has the shape of a hollow screw which shows an enhanced efficiency compared with a traditional smooth structure. The experimentation was carried out with gas mixtures of 90% Ar-10% O 2 , 80% Ar-20% O 2 and 0% Ar-100% O 2 . After one hour of treatment the removal efficiency was 76%, 92%, and 97%, respectively, assessed with a gas chromatographic mass spectrometry technique. For both reactors used, the ozone concentration was measured. The screw electrode required less energy, for all gas mixtures, than the smooth electrode, to maintain the same ozone concentration. On the other hand, it was also observed that in both electrodes the electrical conductivity of the solution changed slightly from ∼0.0115 S m −1 up to ∼0.0430 S m −1 after one hour of treatment. The advantages of using the hollow screw electrode structure compared with the smooth electrode were: (1) lower typical power consumption, (2) the generation of a uniform plasma throughout the reactor benefiting the phenol degradation, (3) a relatively lower temperature of the aqueous solution during the process, and (4) the plasma generation length is larger.
Introduction
Aromatic organic compounds such as phenol, usually end up in the aquatic environment as a result of improper disposal methods. Therefore, many scientists have been discussing various techniques for reducing concentrations to allowable limits or conversion to non-toxic and non-hazardous forms, so that natural decomposition processes can manage them. Some of these techniques are ultrasonic [1] , photocatalytic [2, 3] , electrochemical advanced oxidation processes [4] , using nanomaterials [5, 6] , and bioremediation [7] , among others.
Another technique consists of generating reactive species with a high oxidizing potential using a non-thermal plasma on the liquid surface, produced using a dielectric barrier discharge (DBD). This takes advantage of the controlled processes by the chemical kinetics promoted by reactive species. The DBD or silent discharge has been widely used in several applications such as in the generation of ozone [8] , the oxidation of chemical compounds in gas phase [9] , and the oxidation of organic compounds in liquid phase [10] [11] [12] [13] . Another tool, pulsed corona discharge (PCD), uses one or several sharp-edged electrodes over the surface or inside of the liquid and is biased by pulsed DC high voltage [14, 15] , while DBD works with one of the electrodes close to the liquid surface and applies an AC high voltage [16] . The electrodes, in most cases, consist of a plate or smooth curved surface. The electrode in contact with the liquid may be covered by a dielectric material.
The interest of this work is to use non-thermal plasma as a tool such that no additional chemicals are required or other changes in liquid wastes, such as temperature or pH. This paper presents a study in the removal of phenol in aqueous solution by DBD using two thin-falling-water-film cylindrical reactors with coaxial electrodes of similar dimensions, with one of them using a smooth electrode and the other a screwtype electrode. A comparison is made as to whether the screw-type electrode can maintain or increase degradation efficiency, applying less electric power and without adding complementary chemicals, other than those generated in-situ through the discharge, such as O 3 , H 2 O 2 , · OH radicals, and UV radiation. The main perspective was to improve the generation of non-thermal plasma on the surface of the liquid, since it shows some instabilities during the discharge process, mainly due to water evaporation generated by the increase of the temperature of the aqueous solution. Also, the electrodes' configuration has a significant effect; with curved, plate, and smooth electrodes, the non-thermal plasma is formed by a collection of streamers generated at random points on the surface of the electrode [17, 18] . To reduce randomness we intended to promote a high quantity of streamers, generated at specific places. A hollow electrode with a screw-shaped surface was expected to meet these requirements. The peculiar shape of the electrode imposed discharge interactions between the crests of the electrode and the aqueous solution, mainly falling on the helical root of the screw. It behaved like a multi tip-cylinder type configuration and was thought to generate non-thermal plasma along the effective length and surface of the electrode, even at low powers; the streamer collection could be anchored at specific points.
Material and methods

Set-up description
The experimental device is shown in figure 1, and The aqueous solution is placed into a reservoir and, through a submersible pump, the solution was circulated toward the top of the electrode. The solution descends by gravity along the outer wall (figure 2). Two electrode structures were considered: a smooth surface Ø o.d. 12 .70 mm tube, and a novel hollow screw tube with 13 threads per inch (pitch 1.92 mm and Ø o.d. 12.64 mm). A quartz tube forms an outer dielectric and the aqueous solution the inner dielectric (see figures 2(a) and (b)), so it can be seen as thin layer water falling on each electrode surface.
In figure 2 , a longitudinal cut of both DBD reactors is shown, illustrating the difference between the two internal electrodes. The classical electrode is depicted in figure 2(a) , while the shaped screw electrode can be observed in figure 2(b) . In both reactors, the separation between the quartz tube and the electrode is 3.5 mm, and the effective length of the copper mesh is 120 mm.
Experimental procedure
A 0.5 l phenol aqueous solution to ∼5×10 −3 M was prepared using purified water and placed inside the reservoir (see figure 1) , the initial pH and electrical conductivity were 6.5-7.0 and ∼0.0115 S m −1 , respectively. Subsequently, the gases admission of (100% O 2 ) or the mixtures (90% Ar-10% O 2 , 80% Ar-20% O 2 ) were selected with a constant flow of 0.5 l min , circulating near to the surface of the liquid. The high voltage was applied and kept constant while the aqueous solution had been circulating during one hour for treatment. For non-thermal plasma treatment processes, one experiment for each operating condition was carefully performed and controlled. For each experiment, treated samples of aqueous solution were collected every 5 min for the first 30 min and every 10 min for the last 30 min of the treatment, and up to 10 injections with an auto-sampler for each one. The analyses were conducted by GC/MS, and the average was reported for degradation efficiency estimation. For the analysis of intermediates, new experiments were performed.
For the next sequence, the imposed electric power was augmented by increasing the high voltage, while a new aqueous solution was replaced, and the operating conditions, such as gas flow, gas composition, and the signal frequency, remained unchanged. At least three different electrical potentials (∼12 kV, ∼15 kV, and ∼18 kV) were applied for each selected gas mixture.
The identification of products can be conducted using high-performance liquid chromatography (HPLC) or GC/ MS. The choice depends on the technical feasibility, sample preparation protocols, and qualitative or quantitative analysis. In this case, GC/MS was chosen to combine with solid phase extraction (SPE) and preparing the treated aqueous solution. First, a Sep-Pak cartridge tC18 from Waters 500 mg 6cc was conditioned washing it using 6 ml of methanol A.C.S. grade. Second, the desired components were adsorbed passing the selected treated aqueous solution onto prepared cartridge tC18 operating a manual extraction (∼1 drop/second). Then the byproducts were eluted from the cartridge using a 6 ml methanol A.C.S. grade to desorb the desired components and collecting all effluent in a clean vial. Finally, a direct injection of a considerably large volume of 1 μl was introduced maintaining the injection port at a temperature of 200°C of temperature to prevent condensation, and pulsed split-less mode was selected to enter all the sample and prevent degradation of components in the injection port.
Results and discussion
Non-thermal plasma generation
The voltage waveform applied to the discharge reactor is generated through a DC/AC full-bridge inverter. It is based on two thyristors working as power controlled switches and two power diodes operating under a natural commutation of the two lower branches of the inverter. It provides a train of bipolar voltage square pulses which are modified by the LCR load circuit established by a high-voltage high-frequency transformer coupled with the DBD reactor. Due to the functioning of the electric circuit load as a second order system, it modifies the profile of the applied voltage waveform providing quasi-sinusoidal voltage waveforms (see figure 3) to the DBD reactor. Nevertheless, there is a remaining voltage in a considerable portion of the voltage waveform, because each SCR or thyristor remains activated until its electric current diminished below its holding current.
One of the first intentions using this novel electrode was to improve the generation of non-thermal plasma on the surface of the liquid, since it showed some instabilities during the discharge process, mainly due to the temperature increment of the aqueous solution and the resulting undesirable water evaporation. This instability is caused mostly by the randomness of the points where the streamers are produced [17, 18] . Also, the form and the material of the electrodes have a significant effect. For example, with a cylindrical reactor configuration with a thin layer of liquid falling on the external wall of the internal electrode, we will observe a liquid surface which is relatively flat but non-uniformly distributed around the electrode to generate a stable plasma. This could be improved with high quantity streamers generation at specific places, hence, a screw-shaped electrode was used. Like a tip-lane configuration, the peculiar shape of the electrode imposes interactions between the crests of the electrode covered with liquid and the other electrode, the latter wrapped in a quartz tube. It behaves like a multi tip-cylinder configuration, the streamers can be anchored at specific points and can produce non-thermal plasma along the larger effective length and surface of the electrode. Thus, the high voltage electrode is a multi-tip-like shape and is coated with the aqueous solution due to the falling film, and it can behave as a hybrid gas-liquid discharge [19] reactor, where most of the streamers are generated from the tip across the liquid layer. This electrode surface modification allowed to improve these properties in comparison with a typical cylindrical DBD reactor containing a curved internal electrode with a smooth surface.
The characteristic curves of voltage and current discharges are shown in figures 4(a)-(c) for smooth electrodes, all gas mixtures. The last is because a tip-cylinder configuration facilitates the generation of discharges in specific locations and not randomly, as is the case of with cylindercylinder configuration. In the case of figures 4(a) and (b) for the smooth electrode when the voltage was increased, at the beginning of the waveform of the current, a widening was observed. In this case, before a collection of micro-discharges were established, some high intensity streamers were generated in which flow a large current. In the case of the screw-shaped electrode, streamers were observed, with the naked eye, almost simultaneously over the entire length of the electrode; with the smooth electrode this phenomenon was not observed. In figure 4(f) , a larger collection of micro-discharges were observed, mainly in the central region of the current curve, not seen in figure 4(c) . Accordingly, the screw-shaped electrode micro-discharges exhibit the electrical performance optimization for plasma generation, even with the use of molecular gas with high ionization potential, as in the case of oxygen (O 2 ). The aqueous solution is considered as a dielectric material since the initially measured conductivity was ∼0.0115 S m . Thus, the aqueous solution could poorly drive electricity; during experiments no electrolytes were added to improve the conductivity of the solution. This increased only slightly after 1 h of treatment, from ∼0.
, when unmixed O 2 was admitted, so it can be said that no significant change in conductivity was measured. Finally, it was not observed that this affected the consumed power; the voltage and current waveforms were monitored throughout all experiments.
Phenol removal
Figures 5 and 6 show the elimination efficiencies of phenol in aqueous solution, using a gas mixture of 90% Ar-10% O 2 and 80% Ar-20% O 2 , respectively. In both cases, less power was applied to the novel electrode compared with the smooth electrode, the screw electrode being more efficient for phenol removal. With the first gas mixture, the elimination was ∼76%, and the removal efficiencies for 80% Ar-20% O 2 mixture was approximately ∼92%.
Low temperatures (T=22°C, 25°C, 27°C) in the aqueous solution were measured with low oxygen gas content (figure 5). As the oxygen gas proportion increases in the gas mixture, the aqueous solution temperature increases also (see figures 5 and 6). With the smooth electrode, this becomes a problem because of unavoidable water vaporization. With the screw-shaped electrode, in spite of vaporization, the surface enables to establish a more homogeneous plasma throughout the reactor.
For the case of 100% O 2 , efficiencies up to 97.8% were obtained (see figure 7) . The highest efficiency was obtained supplying an electric power of only ∼39 W for the screwshaped electrode. This electrode also helped to reduce the consumed power in each experiment compared with the smooth cylindrical electrode (see figures 5-7). With a higher proportion of O 2 , greater energy was required for the generation of DBD non-thermal plasma when a smooth electrode was used, as can be seen in figures 6 and 7. However, from the same figures we observe a higher temperature of aqueous solution with the screw electrode compared with the smooth electrode. This is directly related to the increase in consumed power, as a consequence. With a higher applied voltage, the sharp-edge effect was increased generating a more accentuated local rising in temperature that contributed to the heating of the aqueous solution even when using the same gas mixture for both electrodes. On the other hand, in the case of the screw-type electrode, the distance traveled by the liquid could be longer compared to the soft electrode, due to the helical path. So, the dwell time of the aqueous solution may be longer, and also the contact time of the aqueous solution with the non-thermal plasma should have increased.
Phenol oxidation
Phenol oxidation is associated with the generation and diffusion of active species (e.g. O 3 ), both in the gas phase and the liquid phase, as shown in figure 8 . In the beginning, depending on the gas mixture, free radicals would be generated by electronic impact or interaction between excited species. In this gas-phase, oxidizing species, mainly · OH, · O and O 3 could be produced through the following reactions, as shown in [20] : 
For only one case of each gas mixture containing circulating phenol aqueous solution, and for all gas mixtures with and without circulating pure water, ozone generation was measured continuously at the gas outlet. In figure 9 , the ozone generation outcome is shown for the first 20 min using: only gas phase (without falling water or aqueous solution), gas phase+liquid phase (purified water), and gas phase + liquid phase (aqueous phenol solution). From the results, the following observations were made.
(a) A lower consumed power, to produce approximately the same amount of ozone, using the screw electrode compared with the smooth electrode, in all analyzed cases. (b) The concentration of ozone generated in gas phase only differs drastically from those measured when pure water or aqueous phenol solution was circulating on the electrode surface, for the cases of figures 9(a), (b), (d) and (e) being larger in the gas phase case. This difference may be due to the dissolution of ozone in the pure water (or aqueous phenol solution) and reactions (12) , (15) and (16). (c) A similar concentration of ozone was generated at 100% O 2 using both electrodes, figures 9(c) and (f), however, less power was required for the case of the screw electrode. (d) A higher ozone concentration was generated in the 100% O 2 gas than in the Ar/O 2 gas mixtures. (e) With aqueous phenol solution, the ozone production was lower than when pure water was employed; this difference denotes a consumption of ozone during the phenol oxidation process. In the case of the screw-type electrode, i.e. figure 9(f), a higher consumption of ozone in the aqueous phenol solution was observed than with the smooth electrode; this is beneficial to the oxidation process, since ozone excess in the solution favors the destruction of byproducts, as can be seen in figure 10 (b).
As previously described in the experimental device, the aqueous solution layer becomes a second dielectric, the application of a high voltage in the system generates an electric field that is distributed among the electrodes including the gas and liquid phase. This structure is entirely immersed in the electric field so that phenomena such as ultraviolet photolysis and electrohydraulic effects may occur, including those where high voltage and liquid are closely interacting [23] , which can also generate active species, such as H 2 (16) and (24) under the indicated conditions. It must be noted that the higher content of residual H 2 O 2 was measured using 100% O 2 , this may be due to the higher concentration of O 3 measured in this gas and considering the reaction (16), figure 9(f). These reactions are directly affected by the discharge characteristics and the applied power. Moreover, the electric field on the water surface accelerates the ions from solution, mainly hydronium ions H 3 O + to the surface of the liquid phase impacting with neutral water to generate more actives species, which react with the chemical pollutant in the aqueous solution, as other studies have shown [24] . Previous studies [25] have shown that in gas with low oxygen content, · OH radicals were the major reactive species observed. From the experimental results (figures 5-7) at 90% Ar-10% O 2 , the removal efficiency of only 76% was obtained and, as discussed below, hydroquinone as the main byproduct was detected (see figure 10(a) ). In this case, the oxidation may have started with the electrophilic addition of · OH radical generating an unstable radical, which interacts with water (H 2 O) and oxygen (O 2 ) from the gas mixture, resulting in the breaking of the aromatic ring, figure 11 . Furthermore, it was observed that when oxygen in the gas mixture was increased, the efficiency of degradation also increases; when the proportion of oxygen in the Ar/O 2 mixture increases, the generation of ozone becomes efficient, (reactions (15)- (18)) (see figure 9) , and higher ozone generation gives higher · OH radical production. Here, the effect of the proposed electrode is highlighted, as seen in figures 5 and 6, in 10% O 2 and 20% O 2 respectively, the degradation efficiency of phenol using the electrode screw was higher than using the smooth electrode, indicating that the new electrode has a good performance for ozone generation, and consequently the generation of · OH groups even at low rates of
oxygen. An OES analysis allowed qualitative observation of the emission spectrum of the · OH molecule throughout the experimental process, with slight variations at the end of the experiment that were attributed to the accumulation of water in the discharge. Therefore, it is assumed that the · OH radical was sufficiently supplied and almost constant during the treatment. With 100% O 2 removal efficiencies up to 97% were obtained, the probability that reactions (1), (2), (5) are carried out was increased, among others factors by vaporization of water by increasing temperature, combined with reactions (15)- (18) already mentioned, the generation of hydroquinone was drastically decreased, as seen in figure 10(b) . Therefore, in agreement with the experimental results, the degradation efficiency is also a function of the gas mixture. It has been observed in other studies that with 100% O 2 , the ozone generation is highest and that the presence of water can be harmful to the process [26] , which cannot be suitable for oxidation. Therefore, one would expect with these conditions, Figure 8 . Plasma gas-liquid interaction scheme. low efficiencies would be obtained, but this was not the case in this work.
From the results in figure 7 efficiencies degradation were obtained up to 97% using the electrode screw, this despite the rate of reaction of the oxidation of phenol by ozone being in the order of 10 3 M −1 s −1 [27] , contrary to that of · OH radicals in the order of 10 9 M −1 s −1 [27] . This permits us to assume that when there is a higher ozone generation (figures 9(c), (f)) phenol degradation is carried out by two simultaneous mechanisms: the first one through the · OH radical previously described and the second one, where the ozone directly interacts with the phenol molecule by an electrophilic attack, which destabilizes and cleaves the aromatic ring (see figure 11) . Furthermore, the non-thermal plasma is also a source of UV radiation, and this was also observed in the byproducts obtained ( figure 10(a) ).
Furthermore, there are some factors that determine the rate of ozone decomposition in water and aqueous solutions: compounds prone to oxidize, the quality of water and solution pH, this is mainly because ozone is a selective oxidant. When treating wastewater and aqueous solutions of an organic compound, to prevent interference of impurities such as salts, it could be mandatory to saturate the solution with ozone. This can be reached generating non-thermal plasma using pure O 2 or Ar-O 2 gas mixtures, which have two advantages compared with the air or O 2 /N 2 gas mixtures: (1) Ar gas decreases the electrical potential applied for generating plasma; argon excited species promote dissociation and generation of excited oxygen species, i.e. ozone formation, (2) it prevents the production of unwanted chemical species such as nitrogen oxides, which can affect the oxidation of pollutants. It has been found that the presence of nitrogen in the gas mixture strongly decreases the rate of degradation of phenol; substituted phenols [22] and inorganic acids [28] can also be generated.
The applications discussed in this work were developed at laboratory scale, but an energy efficiency factor (G) used for large-scale industrial reactors can be anticipated, where G is defined as the moles removed from the contaminant by per energy unit supplied. Using the same analytical expression that has been used in corona discharges and making an analogy with DBD-type discharges, the G factor when 50% of the contaminant was removed is defined as [29] : where C 0 =initial concentration, Vol=aqueous solution volume, W p =power input from power supply, t 50 =time for 50% pollutant degradation, E=applied energy, and f=operation frequency. From table 1, it is observed that the electric discharges produced inside the water consume more energy due to the density of the medium where the streamers propagate with regard to those discharges generated on the surface of the liquid. The provided results of this work in a DBD discharge are in agreement with those reported by other authors, as can be seen in table 1.
Intermediates identification
Catechol (1) and hydroquinone (2) were detected by GC/MS, as shown in figure 10 (a) and formulae in table 2. Hydroxylation of phenol generated these compounds via · OH radical. Catechol and hydroquinone were identified when the aqueous solution was treated with non-thermal plasma in all gas mixtures mentioned above after 60 min of treatment. It was observed the progressive decrease of catechol and hydroquinone when the oxygen content is increased in the gas mixture. In gas mixtures with low oxygen content, the formation of biphenyls (4, 7, 9) was observed and when oxygen content has increased these compounds were not practically formed ( figure 10(a) ).
The formation of biphenyls was carried out by radical phenyl generation due to the presence of UV radiation; these photolysis processes were claimed by other authors [32] . Other compounds such as phenoxy phenols were also identified, as observed in other studies [33, 34] .
Initially, a low removal of hydroquinone formed ( figure 10(a) ) in 90% Ar-10% O 2 gas mixture was observed, this supports the fact that in an atmosphere mainly composed of Ar, electrophilic attack occurs by the · OH radical in the orthoand para-positions, and in such conditions hydroquinone is regenerated after the formation of 1, 4-benzoquinone or p-benzoquinone. Under conditions of pure oxygen (100% O 2 ), the electrophilic attack of ozone on the aromatic ring also produces the same oxidation compounds as in the case of radical · OH but also produces direct breaking of the aromatic ring ( figure 11 ) which reduces the generation of hydroquinone and catechol, as is also shown in figure 10(a) . Although these intermediate products are also generated, these and other compounds are readily oxidized, since the treated solution contains dissolved ozone and is also subsequently exposed to atmospheric air. The treated solution was analyzed again 4 h later and 
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5.3×10 the progressive decrease of the above-formed compounds was observed ( figure 10(b) ). Furthermore, traces of other byproducts such as glyoxal and oxalic acid were also detected in the residual aqueous phase. With regard to the mineralization of phenol, CO 2 gas was only qualitatively detected by sampling the outlet gas by GC/MS, figure 12. This evidence supports the proposed degradation of phenol and oxidation of byproducts (see figure 11) .
Visual evidence of the oxidation process was the change of color of the aqueous solution as a function of the treatment time and gas mixture, as can be observed in figure 13 . It it can be seen how the solution changes, beginning with a transparent color, changing to a light yellow, and finally returning to an almost transparent color after one hour of treatment, as depicted in figure 13(c) . A vial corresponds to each one of the sample times matching with 0 (untreated), 5, 10, 15, 20, 25, 30, 40, 50 and 60 min.
Hydroquinone took a dark brown color when it was oxidized with the treatment by non-thermal plasma. The formation of other carboxylic acids is the origin of the brown color in the solution, as shown in other studies [35] .
In pH determination, the aqueous solution of phenol without treatment showed an almost neutral pH of about 7; during the treatment process the pH decreased to approximately ∼3.0-4.0 after 60 min, depending on operating conditions. With both electrode types, the pH showed a similar trend. These values indicate the acidification of the solution, denoting the generation of carboxylic acids of low molecular weight in the solution. Since purified water was used for conducting the experiments, it may contain, at trace level, elements such as sodium, carbonates, and bicarbonates that can contribute to the formation of inorganic acids. Similar results of pH values in the literature were reported [35] . On the other hand, low pH values (<5) favor the process, firstly, decreasing the effect of recombination of radicals · OH, and secondly, the decomposition of ozone formed is gradually controlled [36] .
Otherwise, if pH values were high, this would create undesirable conditions [37] , the decomposition of ozone formed will be increased, and also the generation of intermediate radicals such as ·OH and − OH. This leads to an enhancement in recombination of radicals (reactions (25) - (28) 
The pH value has an effect on the decomposition of ozone and the stability of the · OH radical. According to other studies [38] , low pH promotes the controlled dissociation of ozone.
In this work, a controlled dissociation of ozone had a beneficial effect on the degradation of phenol, low pH values were measured at the end of treatment and were not controlled during the process.
Conclusions
We introduced a novel electrode structure in the form of a screw, for carrying out in a cylindrical reactor the dielectric barrier discharge, and experimentally tested the degradation of phenol in aqueous solution. The comparison was made between the novel electrode and a completely smooth traditional electrode. In the experiment, phenol degradation was achieved with mixture gases of Ar/O 2 , and the results showed that the screw electrode was more efficient than the smooth electrode in phenol degradation, verifying the efficiency of the novel electrode. We can attribute the better performance of the screw electrode to the following factors.
(1) The DBD non-thermal plasma generated using the screw electrode was homogeneously distributed along the reactor and overall surface of the electrode. (2) The peculiar shape of the screw electrode allowed the generation of streamers at specific points contrary to a smooth surface, where they were formed randomly, even having a cylindrical geometry, but with a large radius of curvature. The crest of the screw allowed the anchoring of the streamer generation. (3) The presence of those tips on the screw electrode substantially diminished the energy consumed by the device. (4) With the discharge with the novel electrode, we observed a temperature increase causing a vaporization of the solution which was not an obstacle to maintaining a stable plasma, even at low power (this effect not was observed using the smooth electrode).
We observed that use of only O 2 was more satisfactory than using Ar/O 2 mixtures. Also, the ozone generation was apparently decreased by the aqueous solution. The formation of H 2 O 2 indicated that ozone (O 3 ) was dissolved in the aqueous solution and therefore O 3 decreased in the gas phase. The oxidation process could be validated first by · OH radical attack due to the identified hydroquinone formation, and second, by ozone (O 3 ) attack directly on the aromatic ring with the decline of hydroquinone formed. Moreover, there is a degradation mechanism both in pure and low oxygen content in the gas mixture.
